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Specification 

PROCESSING METHOD FOR ORGANIC CRYSTAL, PROCESSING DEVICE FOR 
ORGANIC CRYSTAL, AND OBSERVING DEVICE FOR ORGANIC CRYSTAL 

Technical Field 

The present invention relates to an organic crystal working method, and 
more particularly to a method and apparatus for working an organic crystal into a 
desired shape by irradiating the organic crystal with short-pulse laser light, and 
also relates to an organic crystal observation device that incorporates such an 
organic crystal working apparatus. 

Background Art 

In recent years, research on organic materials having high functions and high 
performance that exceed the characteristics of inorganic materials has attracted 
attention, and organic devices of the next generation have been developed. In order 
to achieve this, the development of new organic materials is absolutely 
indispensable, and in fields such as applied chemistry, molecular steric structure is 
determined by structural analysis of newly synthesized materials, and the functions 
of these materials are inferred. Furthermore, post-genome research known as 



proteome has been actively pursued. Something that has attracted particular 
attention is research that is referred to as "structural genome science," which 
attempts to elucidate the three-dimensional structure of proteins. Elucidation of 
the structures and functions of proteins is directly connected to the treatment of 
diseases and the creation of drugs, and is therefore expected to have merits that 
lead to the elucidation of life phenomena. When the structures and functions of 
various organic materials are analyzed, there are often cases in which 
measurements are performed not at an ordinary temperature, but by cooling the 
object of analysis to a low temperature. X-ray crystal structure analysis, which is 
one of the important means for analyzing the detailed steric structures of organic 
materials, may be cited as a representative example of such analysis. 

In order to apply X-ray crystal structure analysis, single crystals of organic 
materials that are the object of analysis are required. There are instances in which 
measurements are performed in a state in which crystals are cooled in order to 
prevent damage to the organic crystals caused by irradiation with high-intensity X- 
rays. In cases where extremely brittle crystals such as protein crystals are the 
object of analysis, in particular, crystal structure analysis is generally performed in 
a cooled state (at an extremely low temperature of-150°C or lower) by means of a 
low-temperature gas such as nitrogen. 
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The measurement precision of the X-ray crystal structure analysis is affected 
by the quality of organic crystals that are the object of analysis, the presence or 
absence of adhering matter around the crystals, and the like. In order to perform 
measurement with high precision, single crystals of good quality that have a desired 
shape are necessary. However, since crystallization conditions and growth 
conditions for obtaining good-quality single crystals have not been established for 
most organic materials, crystal preparation is extremely difficult. Moreover, even if 
crystallization is successful, trouble occurs in terms of targeted measurement in 
that single crystals cannot be obtained, there are problems in crystal quality, etc. 
Furthermore, solution adhering to the periphery of the crystal, substance holding 
the crystal, and the like become factors which lower the measurement precision. 

Accordingly, there are cases in which the following types of working are 
required* namely, organic crystals constituting the object of analysis are adjusted to 
a shape that is appropriate for X-ray crystal structure analysis, only portions with 
good crystal quality are extracted, adhering matter or the like that is unwanted for 
the measurement is removed from the crystal surfaces, etc. 

However, since crystals of organic materials are softer and more brittle than 
crystals of inorganic materials, damage such as cracking and splitting occurs in 
peripheral parts if a large impact is applied during working. Of these crystals, 
biomolecular crystals such as protein crystals and macromolecular crystals that are 
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handled in supramolecular chemistry belong to an especially soft category of organic 
crystals; accordingly, handling is extremely difficult. Currently used working 
methods for organic crystals are working methods that require mechanical contact 
with these crystals. However, these methods have major problems in terms of 
working precision or the like. 

Furthermore, the mechanical working methods described above are premised 
on working at ordinary temperatures, and it has been extremely difficult to adapt 
such methods to working under low-temperature conditions in which the object of 
working is frozen. Accordingly, in cases where there was a need for working 
following the cooling of organic crystals to a low-temperature state, the only 
handling method available so far was to first return such organic crystals to an 
ordinary temperature and then to perform working. However, by subjecting organic 
crystals over and over to a large temperature change from a low temperature to an 
ordinary temperature or from an ordinary temperature to a low temperature for the 
purpose of performing working, organic crystals are damaged, or irreversible 
structural alteration occurs, so that there are cases in which desired measurement 
cannot be performed. 

Disclosure of the Invention 
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As a method for solving the problems in the mechanical working of polymer 
crystals, the present inventors invented a method for working polymer crystals by 
means of irradiation with ultraviolet short-pulse laser light (hereafter referred to as 
the "invention of the previous application"), and filed for patents as Japanese 
Patent Application No. 2003-320190 and Japanese Patent Application No. 2004- 
19516. 

This method of the invention of the previous application focuses attention on 
the fact that since the wavelength of ultraviolet short-pulse laser light is short, the 
photon energy is high, so that working by directly cleaving the chemical bonds of 
polymer crystals is possible. This is fundamentally different in terms of working 
principle from working by utilizing a widely used carbon dioxide gas laser or YAG 
laser. Specifically, in working by using a carbon dioxide gas laser or YAG laser, 
cleaving is performed by utilizing fusion caused by the generation of heat in laser 
light irradiated parts, and there is a problem in that the cleaved surface is damaged 
by heat. In the invention of the previous application, on the other hand, since 
working involves directly cleaving the chemical bonds of polymer crystals, smooth 
working is achieved with high precision with far less effect of heat. 

However, the invention of the previous application is premised on working at 
ordinary temperatures, so that when X-ray crystal structure analysis is performed 
under low-temperature conditions, if working is required following cooling, this 
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presents a problem in that the object of working must be first returned to an 
ordinary temperature. Moreover, depending on the working method involved, the 
following problems are encountered. Firstly, in cases where the object of working is 
to be worked in a state in which this object is held in a liquid or liquid film, the 
object of working may move during working, so that the worked surface may not be 
as expected in some instances. Secondly, in cases where a liquid adheres to the 
periphery of the object of working, the laser light irradiation position on the object 
of working or the irradiation intensity may vary in some instances as a result of the 
adhering liquid moving or the liquid in another portion entering due to the 
irradiation with short-pulse laser light. Furthermore, in cases where laser light is 
absorbed by the adhering liquid, even if the liquid in the irradiated portion is 
removed by laser ablation, if the liquid in another portion enters this removed 
portion, the new liquid must be successively removed, so that there are cases in 
which the working efficiency by means of laser light is reduced. 

The present invention was devised in light of such circumstances,* it is an 
object of the present invention to improve the invention of the previous application 
and to provide an organic crystal working method and working apparatus which 
make it possible to work a cooled object of working in a fixed state without 
subjecting this object to a large temperature change, and to increase the working 
efficiency. Furthermore, it is another object of the present invention to provide an 
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organic crystal observation device which incorporates this working apparatus, and 
which allows for quick observation of organic crystals. 

The first invention that is used to achieve the object described above is an 
organic crystal working method in which an organic crystal is worked by irradiation 
with short-pulse laser light, wherein the portion of this organic crystal being 
worked is worked in a state in which this crystal is cooled to a low temperature. 

In the present invention, in the working of the organic crystal, this working is 
performed in a state in which the portion of the organic crystal being worked is 
cooled to a low temperature. The "low temperature" referred to in the present 
specification and claims indicates a temperature range in which the object of 
working is frozen or a temperature range in which the substance holding the object 
of working is hardened to an extent that does not cause any deformation or 
positional fluctuation during working. Accordingly, the low -temperature cooled 
state can be determined as appropriate according to the type of the object of 
working involved and to the type of substance holding the object of working. 

If this is done, even in cases where a liquid adheres to the surface of an 
organic crystal, especially even in cases where an organic crystal is worked while 
being held in a liquid, the movement of the liquid caused by irradiation with short- 
pulse laser light is suppressed by virtue of this liquid also being cooled and frozen, 
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so that working can be performed with a high degree of precision. Furthermore, 
even in cases where the adhering liquid absorbs the irradiating laser light, there is 
less possibility of the liquid coming from another portion into the portion where the 
liquid is removed. Therefore, the absorption of the short-pulse laser light by the 
liquid is reduced, so that the working efficiency is increased. 

Moreover, for example, in cases where some type of observation of an organic 
crystal is performed in a state in which this organic crystal is cooled to a low 
temperature, if working is performed while maintaining the temperature of the 
crystal in the vicinity of the temperature during observation, it becomes easier to 
repeat observation and working without subjecting this organic crystal to a 
temperature cycle between a low temperature and an ordinary temperature, which 
makes it possible to avoid damage to the organic crystal and an effect involving the 
alteration of the structure which accompanies a large temperature change. 

In addition, in cases where the organic crystal consists of a material 
containing moisture, working in a low-temperature frozen state also makes it easier 
to avoid problems such as degeneration of the crystal caused by drying. 

With regard to the laser light with which the object of working is irradiated, 
short-pulse laser light is desirable because heat accumulation effect on the object of 
working increases in working using continuous light. The short-pulse laser light 
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refers to laser light having a pulse width and a pulse interval which are such that 
the object of working that is cooled to a low temperature does not undergo 
degeneration or fusion due to temperature elevation caused by the laser irradiation, 
and such that the substance holding the object of working is not deformed or does 
not generate any positional fluctuation due to temperature elevation caused by the 
laser irradiation. 

Furthermore, the "organic crystal" referred to in the present specification and 
claims includes crystals of organic polymer materials such as resins, proteins, 
sugars, lipids and nucleic acids and of organic supramolecular complexes, in 
addition to organic low-molecular crystal. 

The second invention that is used to achieve the object described above is an 
organic crystal working method in which an organic crystal is worked by irradiation 
with short-pulse laser light, wherein working is performed in a state in which the 
portions of this organic crystal and a substance holding this organic crystal that are 
being worked are cooled to a low temperature. 

In this invention, working is performed in a state in which not only the 
portion of the organic crystal being worked but also the portion of the substance 
holding this organic crystal being worked are cooled to a low temperature. 
Accordingly, in addition to the operational effect of the first invention, this 
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invention makes it possible to prevent the object of working from moving during 
working, so that working along the targeted worked surface becomes possible. This 
invention is particularly preferable when the object of working is held by a 
substance that is a liquid at ordinary temperatures. 

The third invention that is used to achieve the object described above is the 
first invention or second invention, wherein the state in which the crystal is cooled 
to a low temperature is 0°C or below. 

The preferable cooling temperature for the portion being worked varies 
according to the type of organic crystal, the purpose of use, and the like, and 
therefore cannot be determined definitively. However, organic crystals for which 
the present invention is effective often contain moisture inside portions of the 
crystals being worked themselves or portions holding the crystals being worked; 
therefore, a preferable temperature range that can be used is 0°C and below, at 
which water freezes. 

The fourth invention that is used to achieve the object described above is any 
of the first through third inventions, wherein the method for cooling the portion of 
the organic crystal that is being worked or the portions of the organic crystal and 
the substance holding this organic crystal that are being worked to a low 



10 



temperature is a method in which a low-temperature gas is caused to jet directly or 
indirectly onto an area that includes the portion(s) to be cooled. 

In the first invention and second invention, there are no particular 
restrictions on the method for maintaining the portion of the organic crystal that is 
being worked or the portions of the organic crystal and the substance holding this 
organic crystal that are being worked in a lowtemperature state, and any method 
may be used. However, in order to obtain a low cooling temperature easily, cooling 
by the jetting of a low-temperature gas is preferable. The term "indirectly" refers to 
the jetting of a gas onto a container that accommodates the portion being worked, 
for example. 

The fifth invention that is used to achieve the object described above is the 
fourth invention, wherein the low-temperature gas is either a nitrogen gas or 
helium gas. 

In cases where some type of observation is performed on the worked crystal, 
it is desirable that the temperature of the crystal during working be close to the 
temperature of the crystal during observation. When an organic crystal is observed 
at a low temperature, it is often the case that a low-temperature gas using nitrogen 
or helium is caused to jet so that the crystal is set at a targeted temperature. 
Therefore, it is preferable that a nitrogen gas or helium gas, which is the same as 
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the low-temperature gas used during observation, be employed as the low- 
temperature gas for cooling the portion of the organic crystal being worked or the 
portions of the organic crystal and the substance holding this organic crystal being 
worked to a low temperature. In cases where a nitrogen gas is used, the preferable 
cooling temperature for the portion being worked is -200°C to -150°C. 
Furthermore, there are cases in which observation is performed under super-low 
temperature conditions by the jetting of an extremely low-temperature gas that 
uses helium, and in such cases, -270°C to -250°C, which are close to the 
observation temperature, are desirable. 

The sixth invention that is used to achieve the object described above is any 
of the first through fifth inventions, wherein the organic crystal is at least one 
crystal selected from a set consisting of organic low molecules, organic 
supramolecular complexes, resins, proteins, sugars, lipids and nucleic acids. 

Organic crystals consisting of such materials are often brittle, and tend to be 
completely destroyed if subjected to even a small shear force. Furthermore, if such 
organic crystals are subjected to a large temperature change over and over, the 
crystal structure is altered, so that these crystals are often damaged. Accordingly, 
these are materials for which the application of the first through six inventions is 
especially effective. 
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The seventh invention that is used to achieve the object described above is 
any of the first through sixth inventions, wherein the form of working is working 
that is performed from the surface of the organic crystal. 

Working of the interior of the object of working may be cited as one form of 
working using a pulsed laser. It is known that such working is made possible, for 
example, by using pulsed light on the femtosecond order (less than one picosecond) 
in which the pulse peak value is extremely high. When femtosecond pulsed light is 
focused on the interior of the object of working, even if the object of working is 
transparent (i.e., does not have linear absorption) at the wavelength of the 
irradiating light, energy is absorbed at the focal point, so that working is possible. 
However, in cases where a brittle material such as an organic crystal is the object of 
working, the object of working may be damaged by impact during the working of the 
interior. Accordingly, it is desirable that working be performed only from the 
surface side. For instance, conceivable forms of working from the surface include 
cutting, partial removal, boring of holes, modification, pulverization, and the like. 

The eighth invention that is used to achieve the object described above is any 
of the first through seventh inventions, wherein the wavelength of the short-pulse 
laser light is shorter than the absorption end on the short-wavelength side of the 
organic crystal. 
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Working from the surface of the crystal can be reliably accomplished by using 
short-pulse laser light in which the wavelength of this short-pulse laser light is 
shorter than the absorption end on the short-wavelength side of the organic crystal 
constituting the object of working, and the organic crystal has linear absorption. 

The ninth invention that is used to achieve the object described above is any 
of the first through eighth inventions, wherein the wavelength of the short-pulse 
laser light is 400 nm or less. 

Since the wavelength of ultraviolet light is short, the photon energy is high, 
so that working that directly cleaves the chemical bonds of organic crystals is 
possible. Working by means of carbon dioxide gas lasers (wavelength 10.6 (am), 
YAG lasers (wavelength 1.06 |xm), or the like that are widely used as the light 
source for laser working is thermal working, so that the object of working undergoes 
a great temperature elevation when irradiated with laser light. In the case of 
working of materials in which thermal denaturation needs to be avoided, working 
by means of such infrared lasers are unsuitable. Specifically, preferable short-pulse 
laser light has a level of energy that makes it possible to perform most of the 
working by means of irradiation with such laser light by directly cleaving and 
volatilizing the chemical bonds of organic crystals; the maximum value of the 
wavelength of such laser light varies according to the organic crystal that is the 
object of working. Laser light that is used to perform most of the working by means 
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of fusion caused by heat is not included. Accordingly, the lowtemperature cooling 
in the present invention is not for the purpose of suppressing the effect of heat 
generation during irradiation with laser light. 

ON bonds are often present in organic materials; accordingly, in order to 
cleave the ON bonds in such cases, it is desirable that the wavelength of the 
irradiating ultraviolet short-pulse laser light be 400 nm or less. Furthermore, if the 
secure cleaving of OC bonds is taken into consideration, it is desirable that this 
wavelength be 340 nm or less. In cases where organic materials are proteins, in 
particular, a wavelength of 300 nm or less having linear absorption is preferable. 

In terms of energy, there is no particular need to restrict the lower limit of 
the wavelength of the ultraviolet short-pulse laser light. However, if this 
wavelength is less than 190 nm, absorption by oxygen in the atmosphere is 
increased; accordingly, it is desirable that this wavelength be 190 nm or greater. 
Currently, furthermore, easily obtainable optical elements do not allow the passage 
of light with a wavelength of less than 150 nm; accordingly, it is desirable to use 
ultraviolet short-pulse laser light with a wavelength of 150 nm or greater. 

Working by means of such ultraviolet short-pulse laser light irradiation is 
basically working that cleaves and volatilizes molecular bonds by means of photon 
energy; accordingly, shear forces do not act on the worked surfaces during working. 
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As a result of this superior property, extremely brittle materials such as organic 
crystals can be worked without crumbling, so that clean worked surfaces can be 
obtained. 

The tenth invention that is used to achieve the object described above is any 
of the first through ninth inventions, wherein the pulse width of the ultraviolet 
short-pulse laser light is 100 ns or less. 

If the pulse width of the ultraviolet short-pulse laser light exceeds 100 ns, the 
deleterious effects of heat generation cannot be ignored in some cases depending 
upon the object of working. Therefore, it is desirable that the pulse width be 100 ns 
or less. 

The eleventh invention that is used to achieve the object described above is 
any of the first through tenth inventions, wherein the energy density per pulse of 
the short-pulse laser light is 1 mJ/cm 2 or greater. 

In the working process using short-pulse laser light, the working 
characteristics are greatly influenced by the energy density per pulse (flue nee) of 
the irradiating short-pulse laser light. Generally, the amount of working per pulse 
of the laser light (i.e., the working rate) does not show linearity with respect to the 
fluence. In cases where the fluence is too small, even if the chemical bonds are 
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cleaved, the subsequent volatilization is insufficient, so that working cannot be 
performed appropriately. Specifically, a fluence that is equal to or greater than a 
certain threshold value is necessary in order to start working. In the case of a 
fluence that is equal to or greater than this threshold value, the working rate 
increases with an increase in the fluence. Accordingly, in order to obtain good 
working characteristics, it is desirable that the fluence of the irradiating short-pulse 
laser light be appropriately adjusted. 

The appropriate fluence mentioned above depends on the absorption 
coefficient of the object of working with respect to the irradiating light. As the 
absorption coefficient increases, more photons are absorbed per unit volume, so that 
the chemical bonds are cleaved more efficiently. Consequently, the value of the 
fluence constituting the threshold value of workability is reduced. The absorption 
coefficients of organic crystals vary greatly according to the material and the 
wavelength; therefore, the appropriate fluence cannot be completely determined. In 
the wavelength range of 400 nm or less, however, a fluence of 1 mJ/cm 2 or greater 
can be employed. By performing short-pulse laser irradiation at this appropriate 
fluence, it is possible to cause the effects of working to extend over a region with a 
depth of 1 nm or greater from the surface of the object of working for each pulse of 
laser light. 
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The twelfth invention that is used to achieve the object described above is an 
organic crystal working apparatus for working organic crystals, wherein this 
organic crystal working apparatus has a short-pulse laser, an optical system which 
conducts the short-pulse laser light emitted from this short-pulse laser to an organic 
crystal constituting the object of working, and which irradiates the location of this 
organic crystal that is being worked, a mechanism that varies the relative positions 
of the optical system and the organic crystal, and a means for cooling the object of 
working to a low temperature. 

In this invention, by using a mechanism that varies the relative positions of 
the optical system and the organic crystal, and irradiating the location of the 
organic crystal being worked with short-pulse laser light, it is possible to work the 
organic crystal into a specified shape while varying the relative positions of the 
optical system and organic crystal. Furthermore, since there is a means for cooling 
the object of working, working of the object of working can be performed by the 
methods typified by the first and second inventions. 

The thirteenth invention that is used to achieve the object described above is 
the twelfth invention, wherein the means for maintaining the object of working in a 
low-temperature state is a means in which a low-temperature gas is caused to jet 
onto the organic crystal or a container holding this organic crystal in a position 
where this organic crystal is being worked. 
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In this invention, working can be performed while implementing the fourth 
invention inside the apparatus. 

The fourteenth invention that is used to achieve the object described above is 
the twelfth invention, wherein the means for maintaining the object of working in a 
low-temperature state is a cooling container that accommodates the organic crystal 
or a container holding this organic crystal in a position where this organic crystal is 
being worked. 

In this invention, working can be performed by accommodating the organic 
crystal or the holding container for this organic crystal in a cooling container and 
cooling this organic crystal. 

The fifteenth invention that is used to achieve the object described above is 
any of the twelfth through fourteenth inventions, wherein this organic crystal 
working apparatus has an observation device or measuring device for observing or 
measuring the position where the short-pulse laser light is irradiated, 
simultaneously with the organic crystal. 

In this invention, the position where the short-pulse laser light is focused can 
be observed or measured simultaneously with the organic crystal; accordingly, the 
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location on the organic crystal that is being irradiated with the short-pulse laser 
light can be observed or measured; as a result, desired working can easily be 
performed. 

The sixteenth invention that is used to achieve the object described above is 
the fifteenth invention, wherein the observation device or measuring device is an 
optical observation device or optical measuring device using visible light, this 
observation device or measuring device is in a mechanically fixed relationship with 
the optical system, the reference point of the observation device or measuring device 
coincides with the position where the short-pulse laser light is irradiated, and the 
apparatus has the function of indirectly observing or measuring this short-pulse 
laser light irradiation position by observing or measuring the position of the 
reference point of the observation device or measuring device. 

In cases where the irradiating laser light is ultraviolet short-pulse laser light, 
the irradiation position cannot be observed or measured unless a special light 
transducer or photodetector is used. Accordingly, the irradiation point on the object 
of working cannot be ascertained. In the present invention, therefore, a reference 
point (ordinarily three-dimensional) is provided on the side of the observation device 
or measuring device, and the system is devised so that the ultraviolet short-pulse 
laser light is focused on this reference point, and so that this reference point is 
observed simultaneously with the object of working. Accordingly, the ultraviolet 
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short-pulse laser light irradiation position on the object of working can be 
ascertained by means of visible light. In the reference position, for example, scale 
lines can be provided in two dimensions perpendicular to the optical axis of the 
observation device or measuring device to form a reference position, and the focal 
position can be taken as the reference position in the direction of the optical axis. 

The seventeenth invention that is used to achieve the object described above 
is an organic crystal observation device, wherein the organic crystal working 
apparatus of any of the eleventh through sixteenth inventions is incorporated. 

In cases where the organic crystal is observed in a low-temperature state, if 
an operation in which the organic crystal is returned to an ordinary temperature is 
performed for the purpose of working, there may be cases in which the organic 
crystal is damaged or the structure is altered due to a large temperature change. In 
this invention, the organic crystal working apparatus of the present invention is 
incorporated into the organic crystal observation means, so that observation can be 
quickly performed without subjecting the object of observation to a large 
temperature change before and after working. 

The eighteenth invention that is used to achieve the object described above is 
the seventeenth invention, wherein the observation device is an X-ray crystal 
structure analysis device. 
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X-ray crystal structure analysis devices are one of the observation devices 
most commonly used for the structural analysis of organic crystals. In addition, the 
organic crystal working apparatus of the present invention is incorporated, so that 
observation can be immediately performed when working is completed, and the 
structural analysis of organic crystals can be accurately performed. The organic 
crystal working apparatus of the present invention can also be incorporated into 
observation devices such as electron diffraction devices and neutron diffraction 
devices, besides X-ray diffraction devices. 

Furthermore, the "X-ray crystal structure analysis devices" referred to in the 
present specification and claims include structure analysis devices using 
synchrotron orbital radiation. 

Brief Description of the Drawings 

Figure 1 is a schematic diagram of an organic crystal working apparatus 
constituting one working configuration of the present invention. 

Figure 2 is a diagram showing the absorption coefficients in the ultraviolet 
region of an aqueous solution of egg white lysozyme (l mg/ml). 
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Figure 3 is a diagram showing an example of the harmonic generation circuit. 

Figure 4 is a diagram showing examples of the conditions under which the 
organic crystal object of working is worked. 

Figure 5 is a diagram showing examples of the working of the organic crystal. 

Figure 6 is a diagram showing an example which is devised so that the short- 
pulse laser system is used in combination with an optical microscope. 

Figure 7 is a diagram showing an example which is devised so that the short- 
pulse laser system is used in combination with an optical microscope. 

Figure 8 is a diagram showing an example in which the organic crystal 
working apparatus is incorporated into an X-ray crystal structure analysis device. 

Figure 9 is a diagram showing states before and after a section is cut across a 
PEPC crystal in a first embodiment of the present invention. 

Figure 10 is a diagram showing states before and after a section is cut across 
an AcrB crystal in a second embodiment of the present invention. 
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Figure 11 is a diagram showing states before and after an egg white lysozyme 
crystal is worked in a third embodiment of the present invention. 

Best Mode for Carrying Out the Invention 

Working configurations of the present invention will be described below with 
reference to the figures. Figure 1 is a schematic diagram of an organic crystal 
working apparatus constituting one working configuration of the present invention. 
The short-pulse laser light 9 that is emitted from a short-pulse laser light source 1 
is focused on and caused to irradiate an organic crystal 8 that is placed in a sample 
container 6 via a shutter 2, an intensity adjusting element 3, an irradiation position 
control mechanism 4 and a focusing optical system 5. The sample container 6 is 
mounted on a stage 7, and can be moved in three dimensions along the x axis, y axis 
and z axis in an x-y-z orthogonal coordinate system, with the direction of the optical 
axis taken as the z axis. Furthermore, this sample container 6 can be rotated about 
the z axis. Moreover, in cases where it is desired to achieve a wider variety of 
worked shapes, a construction may also be used in which rotation about the x axis 
or y axis is made possible in addition to the z axis. Working of the organic crystal is 
performed by the short-pulse laser light that is focused on and caused to irradiate 
the surface of the organic crystal 8. Prior to the working, nitrogen is caused to jet 
onto the sample container 6 by a lowtemperature gas jet device C constituting a 
cooling device; as a result, the organic crystal 8 is cooled to —150° or below. 
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As was described above, organic crystals include crystals that have ON 
bonds, and in order to cleave such ON bonds in these crystals and to perform 
working, it is desirable that the wavelength of the laser light used be 400 nm or less. 
On the other hand, the various types of optical element required for irradiation with 
laser light do not efficiently pass light that has a wavelength of less than 150 nm. 
Consequently, the use of laser light with a wavelength of less than 150 nm is 
undesirable. Accordingly, the desirable wavelength range of the irradiating laser 
light is 150 nm to 400 nm. Furthermore, if the secure cleavage of OC bonds is 
taken into consideration, it is desirable that the wavelength be 340 nm or less. On 
the other hand, if the wavelength of the laser light is less than 190 nm, there is 
absorption by oxygen in the atmosphere," accordingly, the following problem arises* 
namely, propagation of the laser light in air becomes difficult. In other words, an 
even more desirable wavelength of the ultraviolet short-pulse laser light is in the 
range of 190 nm to 340 nm. 

The absorption of light by organic materials will be described using proteins 
as an example. Figure 2 shows the absorption coefficients in the ultraviolet region 
of an aqueous solution (l mg/ml) of chicken egg white lysozyme, which is a typical 
protein. At 300 nm or less, the absorption begins to increase. First, there is a peak 
in the vicinity of 270 nm to 280 nm; then, after the absorption drops slightly in the 
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vicinity of 250 nm, the absorption shows an abrupt increase as the wavelength 
becomes shorter. 

In the wavelength range of 300 nm or less, the irradiating light has a great 
effect on bonds in the protein molecules, and is efficiently absorbed by the surface 
layer without invading the interior of the crystal. Accordingly, degradation 
proceeds only in the surface portions that are irradiated by the light, so that 
working can be performed with little effect on surrounding areas. Specifically, an 
even more desirable wavelength of the short-pulse laser light in protein materials is 
300 nm or less. With regard to the changes in protein crystal working 
characteristics caused by the differences in the irradiating laser wavelengths, 
embodiments are cited in the invention of the previous application, and the change 
in the working characteristics is the same (zero) even in a low -temperature cooled 
state. 

F2 lasers, ArF excimer lasers, KrF excimer lasers, XeCl excimer lasers, XeF 
excimer lasers, and the like can be cited as examples of gas lasers that can be used. 
Furthermore, as examples of the use of higher harmonics of laser light, the third 
harmonic, fourth harmonic, fifth harmonic and sixth harmonic of Nd^YAG lasers, 
the third harmonic, fourth harmonic, fifth harmonic and sixth harmonic of Nd'YVC>4 
lasers, the second harmonic, third harmonic, fourth harmonic and fifth harmonic of 
Ti^S lasers, the fourth harmonic, fifth harmonic, sixth harmonic, seventh harmonic 
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and eighth harmonic of erbium-added fiber lasers, the third harmonic, fourth 
harmonic, fifth harmonic and sixth harmonic of ytterbium-added fiber lasers, the 
second harmonic and third harmonic of Ar ion lasers, and the like can also be used. 

These harmonic generation circuits are universally known; one example will 
be described with reference to Figure 3. This is a solid laser apparatus which 
generates light with a wavelength of 193 nm; in this apparatus, light from a 
semiconductor laser with a wavelength of 1547 nm is amplified by a fiber amplifier, 
semiconductor amplifier, or the like, and this amplified fundamental wave of 
1547 nm is converted in wavelength to the eighth harmonic by a wavelength- 
converting optical system to produce light with a wavelength of 193 nm. The 
semiconductor laser and light amplifying parts such as the fiber amplifier will not 
be described here; however, these parts are described, for example, in Japanese 
Patent Application Kokai No. 2000-200747, and are therefore publicly known. 

In Figure 3, the fundamental wave amplified by the fiber amplifier or the like 
is incident on a wavelength converting crystal 101, so that the wavelength of a 
portion of the light of the fundamental wave is converted into the second harmonic. 
Examples of the wavelength converting crystal 101 include LBO (LiBaOs), PPLN 
(periodically poled LiNbOs), PPKTP (periodically poled KTiOP0 4 ), and the like. 



27 



The fundamental wave and second harmonic that are emitted from the 
wavelength converting crystal 101 are incident on a wavelength converting crystal 
102, so that portions of the fundamental wave and second harmonic are converted 
in wavelength to the third harmonic. Examples of the wavelength converting 
crystal 102 include LBO, PPLN, PPKTP, and the like. 

The light of the fundamental wave, second harmonic and third harmonic 
emitted from the wavelength converting crystal 102 is incident on a dichroic mirror 
331. The fundamental wave and second harmonic pass through, while the third 
harmonic is reflected. The second harmonic that passes through the dichroic mirror 
331 is reflected by a dichroic mirror 332, and is incident on a wavelength converting 
crystal 103, so that a portion of the second harmonic is converted in wavelength to 
the fourth harmonic. Examples of the wavelength converting crystal 103 include 
LBO, PPLN, PPKTP, and the like. 

The fourth harmonic that is emitted from the wavelength converting crystal 
103 is reflected by a dichroic mirror 333, so that this harmonic is substantially 
coaxial with the third harmonic that has been reflected by the dichroic mirror 331 
and mirror 304 and passed through the dichroic mirror 333. This light is then 
incident on a wavelength converting crystal 104, so that portions of the third 
harmonic and fourth harmonic are converted in wavelength to the seventh 
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harmonic. Examples of the wavelength converting crystal 104 include BBO (p- 
BaB204) and the like. 

The seventh harmonic that is emitted from the wavelength converting crystal 
104 is reflected by a dichroic mirror 334, so that this harmonic is substantially 
coaxial with the fundamental wave that has passed through the dichroic mirrors 
331 and 332, has been reflected by the mirrors 301, 302 and 303, and has passed 
through the dichroic mirror 334. This light is then incident on a wavelength 
converting crystal 105. Then, portions of the fundamental wave and seventh 
harmonic are converted in wavelength to light having a wavelength of 193 nm, 
which is the eighth harmonic. Examples of the wavelength converting crystal 105 
include LBO, CLBO (CsLiBeOio), BBO, and the like. However, the crystal used is 
not limited to these. 

Furthermore, in the optical system shown in Figure 3, the depiction of lenses 
and wavelength plates is omitted; in the actual optical system, however, these parts 
are disposed in desired locations. If a portion of this optical system is used, the 
second harmonic, third harmonic, fourth harmonic and seventh harmonic can also 
be formed. Circuits that form the fifth harmonic and sixth harmonic are separate; 
however, since these circuits are publicly known, a description is omitted. Moreover, 
the optical system shown in Figure 3 is taken as a part of the short-pulse laser light 
source 1 shown in Figure 1. 
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It is desirable that the laser light that irradiates the object of working be 
short-pulsed light rather than continuous light. Laser working by means of 
continuous light is basically thermal working; for the reasons described above, this 
is not suitable for the working of organic crystals in which damage due to heat 
generation is a problem. Furthermore, it is desirable that the pulse time width of 
the pulsed light be short; in quantitative terms, it is desirable that the full width at 
half maximum be 100 ns or less. If this value exceeds 100 ns, there are cases in 
which the deleterious effects of heat generation cannot be ignored. A pulse width of 
100 fs to 10 nm is even more desirable; a so-called nanosecond pulsed laser, 
picosecond pulsed laser or femtosecond pulsed laser can be used for this. 

In the process of working by means of short-pulse laser light, the working 
characteristics are greatly influenced by the energy density (fluence) per pulse of 
the irradiating short-pulse laser light. Generally, the amount of working per pulse 
of the short-pulse laser light (i.e., the working rate) does not show a linear response 
to the fluence. In cases where the fluence is too small, even if the chemical bonds 
are cleaved, the subsequent volatilization is insufficient, so that working cannot be 
performed. Specifically, a fluence that is equal to or greater than a certain 
threshold value is required in order to start working by means of short-pulse laser 
light. At fluence values that are equal to or greater than this threshold value, the 
working rate increases with an increase in the fluence. Accordingly, in order to 
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obtain favorable working characteristics, the fluence of the irradiating short-pulse 
laser light must be appropriately adjusted. 

The appropriate fluence mentioned above depends on the absorption 
coefficient of the object of working with respect to the irradiating light. As the 
absorption coefficient increases, more photons are absorbed per unit volume, so that 
chemical bonds are cleaved more efficiently. Accordingly, the value of the fluence 
that constitutes the working threshold value decreases. As is shown in one example 
illustrated in Figure 2, the absorption coefficients of organic materials vary greatly 
according to the wavelength; therefore, the appropriate fluence varies according to 
the wavelength of the irradiating light. Furthermore, since the absorption 
coefficients also vary greatly according to the type of organic material, the 
appropriate wavelength range of laser light varies according to the type of organic 
material. 

For the crystals of biomolecular materials, a desirable fluence that can be 
used in the wavelength range of 150 nm or greater but less than 210 nm is 
1 mJ/cm 2 or greater, a desirable fluence that can be used in the wavelength range of 
210 nm or greater but less than 240 nm is 10 mJ/cm 2 or greater, a desirable fluence 
that can be used in the wavelength range of 240 nm or greater but less than 300 nm 
is 100 mJ/cm 2 or greater, and a desirable fluence that can be used in the wavelength 
range of 300 nm to 400 nm is 1 J/cm 2 or greater. 
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By performing short-pulse laser light irradiation at the appropriate fluence 
described above, it is possible to cause the effects of working to extend over a region 
having a depth of 1 nm or greater from the crystal surface (per pulse of ultraviolet 
short-pulse laser light). 

Irradiation with short-pulse laser light may be performed in a single emission, 
or a plurality of emissions may be repeated. The working speed in cases where 
irradiation with a plurality of pulses is performed varies according to the pulse 
repetition frequency. If the repetition frequency is too small, a high working speed 
cannot be obtained. On the other hand, if the repetition frequency is too large, 
there is a possibility that deleterious effects arise due to heat generation. From the 
standpoint of achieving both a favorable working speed and favorable working 
characteristics, a pulse repetition frequency of 1 Hz to 10 MHz is preferable. 
Accordingly, in cases where the same location on the object of working is irradiated 
with a plurality of pulses of the short-pulse laser light, the time interval of the light 
pulses irradiating the same location is 100 ns or longer. Furthermore, the pulse 
repetition frequency can also be varied appropriately during working. 

In cases where irradiation is performed by repeating a plurality of laser light 
pulses, the number of irradiating pulses can be freely set in accordance with the 
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purpose of working. Therefore, there are no particular restrictions on the total 
irradiation time. 

The number of irradiating pulses applied to the organic crystal can be 
controlled by means of the shutter 2 that is disposed between the short-pulse laser 
light source 1 and the organic crystal 8. More desirable working conditions can be 
achieved by irradiating the organic crystal with only the number of light pulses 
required for the respective purposes of working. 

The intensity of the irradiating light applied to the organic crystal can be 
adjusted by means of the intensity adjusting element 3. A combination of a 
polarizer and a half-wavelength plate or the like can be used as this means. In 
cases where the working of an area larger than the diameter of the laser spot is 
performed by irradiation with a plurality of light pulses or the like, working is 
performed while causing the laser spot position to move relative to the object of 
working. The first method used in this case is a method in which the stage 7 is 
appropriately moved. The second method is a method in which the laser spot 
position on the organic crystal 8 is scanned in the direction perpendicular to the 
optical axis using the irradiation position control mechanism 4. The irradiation 
position control mechanism 4 may be a galvano-mirror, polygonal mirror, acoustic- 
optical deflector, or the like. It would also be possible to move both the laser spot 
position and the position of the organic crystal 8 by using both of the two methods 
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described above simultaneously. In cases where working is performed while moving 
the laser spot position relative to the organic crystal 8, the relative speed can be 
appropriately set in accordance with the repetition frequency of the irradiating light, 
the absorption coefficient of the object of working, and the like. 

In cases where the working described above is performed while causing the 
object of working to rotate relative to the short-pulse laser light, working can be 
performed while rotating the object of working by rotating the stage 7. The 
desirable relative rotational speed depends on the repetition frequency of the 
irradiating light, the absorption coefficient of the organic crystal, and the like. 

By causing the laser spot position to move and rotate relative to the object of 
working, various worked shapes can be achieved. Concrete directions of movement 
and rotation and an example of the worked shape obtained in the case of working 
into a shape that has a cylindrical surface or spherical surface, in particular, will be 
described based on a case in which the organic crystal is irradiated with short-pulse 
laser light from the direction of the z axis in the x-y-z orthogonal coordinate system 
as shown in Figure 1. 

In the first method, the organic crystal 8 is irradiated in a state in which the 
short-pulse laser light is fixed while rotating the organic crystal 8 with respect to 
the z axis. In the second method, the organic crystal 8 is in a fixed state, and 
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irradiation with short-pulse laser light is performed while scanning the laser spot 
position on the organic crystal 8 in a circular manner in the XY plane using the 
irradiation position control mechanism 4. A cylindrical surface taking the direction 
of the z axis as the rotational central axis can be formed by using such a first 
method or second method. 

In the third method, irradiation is performed with the short-pulse laser light 
being in a fixed state while causing the stage 7 to move as appropriate in the x axis 
and y axis. In the fourth method, irradiation with the short-pulse laser light is 
performed while appropriately moving the laser spot position on the organic crystal 
8 in the XY plane. A partially cylindrical surface or a partially spherical surface 
taking the direction of the x axis or y axis as the rotational central axis can be 
formed by using such a third method or fourth method. 

The fifth method is a method in which an operation causing the organic 
crystal 8 to rotate with respect to the x axis or y axis is added to one of the first 
through fourth methods described above. A spherical surface can be formed by 
using this fifth method. 

In the third method or fourth method, since working cannot be performed on 
the surface of the organic crystal 8 on the side opposite from the laser irradiated 
surface, only a partially spherical surface can be formed. However, by adding the 
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operation in which the organic crystal 8 is caused to rotate with respect to the x axis 
or y axis, the formation of a spherical surface becomes possible over the entire 
surface of the object of working. 

In all of the methods described above, it would also be possible to alternately 
repeat a series of steps in which irradiation with short-pulse laser light is 
performed for a specified period of time in a state in which the organic crystal 8 and 
laser spot position are fixed, the irradiation with short-pulse laser light is stopped, 
and the object of working is then caused to move and rotate in relative terms. 
Moreover, a plurality of methods may also be used in combination. 

Furthermore, the operational methods and resulting worked shapes 
described above are part of an example of worked shapes that can be achieved using 
the present working apparatus; various worked shapes having a flat surface or a 
non-spherical curved surface can be achieved by appropriately combining the 
translational movement and rotational movement. 

The short-pulse laser light 9 can be focused on the organic crystal in spot 
form, linear form, or the like by using an image focusing optical system. The spot 
diameter of the laser light on the surface of the object of working can be 
appropriately varied according to the type and shape of the object of working and 
the purpose of working. The focusing optical system 5 that is used may consist of 
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reflective mirrors for irradiating light, lenses and prisms that can efficiently 
transmit irradiating light, or the like. 

The short-pulse laser light 9 can also be propagated using optical fibers. It is 
necessary that the optical fibers consist of materials that efficiently transmit the 
laser light that is used, and that these optical fibers have a strength which is such 
that the fibers are not destroyed by the light that is introduced. The shape of the 
optical fibers may also be hollow. The output light from the optical fibers may 
irradiate the object of working directly, or may irradiate the object of working after 
being focused by a lens or the like. 

The organic crystals constituting the object of working include materials that 
contain moisture within the crystals, and are therefore vulnerable to dryness, as is 
the case with protein crystals. In such cases, in order to prevent degeneration 
caused by drying or damage to the crystals, a state in which the crystal is disposed 
in a crystal growth solution or preservative solution, a state in which the crystal is 
disposed in a sealed vessel, or the like, can be cited as the desirable crystal state 
during working at ordinary temperatures. In the present invention, in contrast, 
since the crystal is placed in a low-temperature frozen state by nitrogen that is 
caused to jet by a low-temperature gas jet device C, there is no evaporation of water 
in the crystal, so that problems caused by drying can be avoided. 
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Figure 4 shows examples of the conditions under which the organic crystal 
object of working that is vulnerable to dryness but that is present in a liquid in a 
stable manner at an ordinary temperature is worked. Furthermore in cases where 
the organic crystal is held as described in (a) through (c) below, laser light 
irradiation may also be performed with these crystals placed in a sample container 
together with the holding device. 

(a) indicates a method in which an organic crystal that is present in a liquid 
is scooped up with a loop, so that the liquid is formed into a thin film by surface 
tension, and working is then performed by directly irradiating the organic crystal 
with short-pulse laser light. If this loop is placed at a low temperature in this state, 
the liquid that is formed into a thin film and the organic crystal are cooled and 
frozen. Working is performed in this state by irradiation with laser light as 
indicated by the arrow. 

In this case, since the organic crystal is constrained merely by an extremely 
weak force of surface tension, if working is to be performed in an unfrozen state, 
there is a danger that the organic crystal constituting the object of working swings 
by means of a faint force when the volatilized material generated during working is 
emitted, so that the worked surface does not become as planned, and that the thin 
liquid film will break when the worked surface reaches the portion of the solution. 
Furthermore, in cases where the liquid adheres to the surface of the organic crystal, 
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if the organic crystal is worked without being frozen, there may be cases in which 
desired working cannot be achieved as a result of movement of the adhering liquid. 
However, such problems can be solved by performing working by freezing the 
organic crystal. 

(b) indicates a method in which an organic crystal is accommodated inside a 
capillary that efficiently transmits short-pulse laser light, and working is performed 
by irradiating the organic crystal with short-pulse laser light via the capillary. In 
this case as well, when a liquid adheres to the surface of the organic crystal, if 
working is performed without cooling the organic crystal and the liquid on the 
surface, there may be cases in which efficient working of the organic crystal is 
difficult as a result of movement of the liquid. However, such a problem can be 
solved by performing working by freezing the liquid on the surface of the crystal. 

(c) indicates a method in which droplets of liquid are formed on a glass 
substrate, an organic crystal is caused to float on these liquid droplets, and working 
is performed by irradiating the organic crystal with short-pulse laser light. In this 
case, since the organic crystal is merely floating on the liquid droplets, if working is 
performed in a state in which these liquid droplets are unfrozen, there may be cases 
in which the organic crystal swings by means of a faint force when the volatilized 
material generated during working is emitted, so that the worked surface does not 
become as planned; furthermore, in cases where a liquid adheres to the surface of 
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the organic crystal, if working is performed without freezing this liquid, there may 
be cases in which working cannot be performed efficiently as a result of movement 
of the liquid. However, such problems can be solved by performing working by 
freezing the liquid. 

An example of an organic crystal present in a liquid in a stable manner at an 
ordinary temperature has been described above. However, the effect of the present 
invention is not limited to such a specific organic crystal or to a specific material 
holding method. 

Figure 5 shows examples of the working of an organic crystal, (a) indicates 
cutting; here, cutting is performed by irradiating the cut part with short-pulse laser 
light so that the chemical bonds of the material are cleaved, and removing the cut 
part by volatilization. The cut organic crystal can be used for X-ray diffraction 
measurements, in organic/biodevices, and the like, (b) indicates removal; here, a 
specified portion of the organic crystal is removed by irradiating a region of a 
specified shape with short-pulse laser light so that the portion corresponding to this 
region is volatilized, and performing cutting along the boundaries of this region. 
The remaining organic crystal can be used for X~ray diffraction measurements, in 
organic/biodevices, and the like. Furthermore, in the figures from (b) on, the parts 
showing the same hatching as in (a) respectively indicate the same organic crystal 
and short-pulse laser light irradiation areas as in (a). 
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(c) indicates hole boring; here, holes are formed by irradiating specified 
portions of the organic crystal with short-pulse laser light. The organic crystal in 
which these holes are formed can be used in organic/biodevices and the like, (d) 
indicates modification; here, the intrinsic nature of the material in the irradiated 
area is intentionally lost by irradiating a specified portion of the crystal with short- 
pulse laser light. This organic crystal can be used for X-ray diffraction 
measurements, in organic/biodevices, and the like. 

A variety of suitable conditions of the organic crystal are obtained following 
working by using one type or a combination of a plurality of types of these types of 
working in accordance with the purpose of use for the organic crystal. A case of X- 
ray diffraction measurements will be described as an example. In X-ray crystal 
structure analysis, it is desirable that an organic crystal constituting the object of 
analysis be a single crystal of high quality, and that with respect to the shape, the 
ratio of vertical and horizontal lengths and height of the crystal be close to 1. 
Therefore, the crystal being a single crystal without any degeneration or damage is 
cited as suitable post-working crystal conditions. Next, it is desirable that the 
shape of this crystal be a cube or a shape closed to a cube, a cylindrical shape or a 
shape closed to a cylindrical shape, or a spherical shape or a shape closed to a 
spherical shape. 
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As another usage, X~ray topography requires measurements to be performed 
at a diffraction surface having a high diffraction intensity, but this often differs 
from the natural surface of the crystal. Ordinarily, the sample is held with the 
crystal being tilted so that the diffraction surface is perpendicular to the X-rays. 
More preferably, however, the crystal is worked so that the targeted diffraction 
surface is obtained. Furthermore, in the wavelength conversion of light using a 
nonlinear effect of the crystal or the like, the crystal is generally used after cutting 
this crystal at a certain specified angle; in such a case as well, it is preferable to 
form a shape having a worked surface along a desired direction. 

Incidentally, in cases where an organic crystal object of working is worked, it 
is necessary to confirm the location on the object of working that is irradiated with 
short-pulse laser light. Therefore, it is desirable to use this system in combination 
with an observation device using an optical microscope or the like. 

An example of a case in which an optical microscope is used is shown in 
Figure 6. In this optical system, a specified location is irradiated with the short- 
pulse laser light from the short-pulse laser system 11 (corresponding to the symbols 
1 through 4 in Figure l) via a focusing optical system 5. The stage 7 has the 
function described in Figure 1, and a sample container 6 containing the organic 
crystal 8 is carried on the stage 7. Visible light from an illuminating light source 12 
is reflected by a reflected light 13, and causes Koehler illumination of the sample 
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container 6. The organic crystal 8 is visually observed by the eye 16 via the object 
lens 14 and ocular lens 15 of an optical microscope. 

A cruciform mark is formed in the position of the optical axis of the optical 
microscope, so that the position of the optical axis can be visually observed. 
Furthermore, the focal position (position of the focus, i.e., the object plane that is in 
focus when visually observed) of the optical microscope is fixed. The system is 
arranged so that the short-pulse laser light that is focused by the focusing optical 
system 5 is focused at the position of the optical axis of the optical microscope, and 
at the focal position of the optical microscope. Accordingly, in cases where the 
object of working is carried on the stage 7, and an image of this object of working is 
observed with the optical microscope, the image is focused, and the short-pulse laser 
light from the short-pulse laser system 11 is focused at a position located at the 
center of the cruciform mark. Furthermore, the relative positional relationship of 
the short-pulse laser system 11, focusing optical system 5 and optical microscope 
part is fixed, with only the stage 7 being able to move relative to these fixed systems. 

Accordingly, working of the desired location and working of the desired shape 
can be accomplished by moving the stage 7 so that the location that is to be worked 
is positioned at the optical axis position and focal position of the optical microscope. 
If it is desired to perform working automatically, then it is necessary merely to 
attach an automatic focus adjustment device to the optical microscope, drive the 
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stage 7 by means of commands from this adjustment device, and drive the stage 7 so 
that a predetermined specified part of the stage 7 is located on the optical axis of 
the optical microscope. Alternatively, the system may also be devised so that the 
stage 7 is driven in two dimensions or three dimensions by a servo mechanism after 
the reference position is initially aligned. 

In this apparatus as well, a low-temperature gas jet device C constituting a 
cooling device is installed, and the sample container 6 is cooled by nitrogen that is 
caused to jet from this device; as a result, the organic crystal 8 is cooled to a low 
temperature. Working is performed in this state while observing the organic crystal 
8. 

Figure 7 is a diagram showing another example in which a short-pulse laser 
system is combined with an optical microscope. In this example, the system is 
devised so that the short-pulse laser light irradiates the organic crystal along the 
optical axis of an optical microscope. The short-pulse laser light 9 emitted from the 
short-pulse laser system 11 passes through a focusing optical system 5, and is then 
incident on a beam splitter 17 so that this light is reflected and caused to irradiate 
the organic crystal along the optical axis of the optical microscope. The optical 
microscope itself has the same construction as that shown in Figure 6; however, 
visible light advances directly through the beam splitter 17, and is observed by the 
eye 16 via an object lens 14 and ocular lens 15. As in the system shown in Figure 6, 
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the focal position of the short-pulse laser light is located on the optical axis of the 
optical microscope, and at the focal position of the optical microscope, and the 
positional relationship of the short-pulse laser system 11, focusing optical system 5 
and optical microscope is fixed. 

Specifically, the two working configurations differ as follows- namely, in the 
working configuration shown in Figure 6, the short-pulse laser light irradiates the 
organic crystal at an oblique angle, while in the present working configuration, the 
organic crystal is perpendicularly irradiated. A beam splitter 17 is installed in 
order to realize this. As a result, the working precision becomes accurate. The 
remaining functions such as the detection of the irradiation position are the same as 
in the system shown in Figure 6; accordingly, a description is omitted. 

A low-temperature gas jet device C was used as the cooling device in the 
working configuration shown in Figure 6, but a cooling container C is used as the 
cooling device in the working configuration shown in Figure 7. This cooling 
container C has a cooling machine inside, or is connected to a cooling machine by 
piping; this cooling container is constructed so that the interior of this cooling 
container is cooled to — 20°C or below. The portion where the laser light passes is 
formed from a material such as quartz that efficiently transmits laser light. Since 
the sample container 6 is placed inside this cooling container C, the sample 
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container 6 is cooled, and the organic crystal 8 is cooled to a low temperature as a 
result. Working is performed in this state while observing the organic crystal 8. 

Furthermore, as a modification of the construction shown in Figure 7, a 
construction is also conceivable in which the beam splitter 17 is disposed between 
the object lens 14 and ocular lens 15, the object lens 14 is used as a focusing lens, 
and the focusing optical system 5 is omitted. Moreover, a construction is also 
conceivable in which the short-pulse laser system 1 1 and focusing optical system 5 
are disposed directly above the stage 7, the organic crystal is perpendicularly 
irradiated, the object of irradiation is illuminated by means of visible light from 
beneath the stage 7, and an optical microscope is installed beneath the stage 7. 

Figure 8 shows an example in which an organic crystal working apparatus is 
incorporated into an X-ray crystal structure analysis device which is a sample 
observation device. A stage 22 is installed in the main body part 21 of the X-ray 
crystal structure analysis device, and an organic crystal 23 constituting a 
measurement sample is carried on this stage 22. X-rays from an X-ray generating 
device 24 are stopped down by a slit 25, and are then caused to irradiate the organic 
crystal 23; the X-rays diffracted by the irradiated surface are detected by a detector 
26, and the X-ray diffraction pattern is observed. A sample monitoring camera 27 is 
provided for use in the positioning of the sample and the like. In this X-ray crystal 
structure analysis device as well, a low-temperature gas jet device C constituting a 
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cooling device is installed in order to cool the organic crystal 23 constituting the 
measurement sample; after the organic crystal 23 is cooled to a low temperature by 
means of a low-temperature gas that is caused to jet from this device, working and 
X-ray diffraction are performed, with this cooled state being maintained. 

In this working configuration, in the X-ray crystal structure analysis device 
main body part 21, short-pulse laser light from the short-pulse laser system 11 is 
focused by a focusing optical system 5 via a reflective mirror 28, and is caused to 
irradiate the organic crystal 23 so that working is performed. The reflective mirror 
28 has the function of the irradiation position control mechanism 4 in Figure 1, and 
the stage 22 has the function of the stage 7 in Figure 1. As a result of the 
movement of these parts, the organic crystal 23 is worked into a specified shape. 
The working method used is the working method described above. However, the 
positioning of the sample is performed not by visual inspection, but rather on the 
basis of an image picked up by the sample monitoring camera 27. 

In cases where X-ray crystal structure analysis of the organic crystal is 
performed, this crystal is ordinarily transferred to a measurement jig such as that 
shown in Figure 4 (a) or (b), and is mounted in an X-ray crystal structure analysis 
device. However, as was described above, since the growth and manipulation of 
organic crystals are difficult, damage that is newly generated during the transfer 
operation may be added to defects and damage present from the initiation of growth, 
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so that there are cases in which the crystal that is cooled by being disposed in the X- 
ray crystal structure analysis device includes portions in which the crystal quality 
is clearly inferior. In such cases, measures involving irradiation with X-rays are 
often taken only in areas where the crystal quality appears to be high; however, 
depending on the location of the damage, it may not be possible to handle such 
situations. Moreover, the material adhering to the periphery of the crystal and the 
tool for holding the crystal become causes for lowering the measurement precision. 

In principle, the most preferable method is a method in which measurements 
are performed after the crystal and the material adhering to the periphery of the 
crystal are worked in the cooled state so that only the single crystal portions of high 
quality are present in the X-ray transmission region. However, it has been 
extremely difficult to realize this in the conventional working methods. 

In contrast, the working method of the present invention using a laser 
provides working that does not require mechanical contact or a temperature cycle 
between ordinary temperatures and low temperatures. Therefore, if the present 
invention is applied, the crystal in a cooled state that is disposed in Figure 4 (a) or 
(b) can easily be worked in this location. An X-ray diffraction pattern can be 
detected as a result of the organic crystal 23 being irradiated with X-rays from the 
X-ray generating device 24 in this location before and after working. If a favorable 
X-ray diffraction pattern cannot be obtained due to insufficient working conditions, 
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reworking of the organic crystal can be performed immediately in this cooled state 
on the spot. 

(Embodiment l) 

In order to investigate the basic characteristics of the working method of the 
present invention, a single crystal of phosphoenol pyruvic acid carboxylase (PEPC), 
which is a protein, was irradiated with ultraviolet short-pulse laser light having a 
wavelength of 193 nm using an apparatus of the type shown in Figure l; as a result, 
the crystal was cut in two. 

The grown PEPC crystal was scooped up with a loop as shown in Figure 4 (a) 
and held by surface tension. In this state, a low-temperature gas using nitrogen 
was caused to jet onto the PEPC crystal, the solution supporting the crystal, and 
the loop so that these were cooled to a low temperature. A photograph of the crystal 
prior to working is shown in Figure 9 (a), and its model diagram is shown in Figure 
9(b). 

In a state in which a low-temperature gas was continuously caused to jet, 
irradiation was performed with approximately one million shots of laser light 
having a repetition frequency of 3.4 kHz, a pulse width of approximately 1 ns, a spot 
diameter of 20 (am, and an energy density of 50 mJ/cm 2 while moving the spot at 
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0.5 mm/sec, and the loop made of nylon (registered trademark) was vertically cut in 
half together with the frozen PEPC crystal and solution. A photograph following 
this cutting is shown in Figure 9 (c). It is seen that the PEPC crystal was cleanly 
cut. 

It was also confirmed that a single crystal of human lysozyrne, which is a 
protein, can be cut in a low-temperature cooled state using the same device 
construction and method. 

(Embodiment 2) 

A membrane protein single crystal (AcrB crystal) was irradiated with 
ultraviolet short-pulse laser light having a wavelength of 193 nm using an 
apparatus of the type shown in Figure 1. As a result, the crystal was cut in two. 

The grown AcrB crystal was scooped up with a loop as shown in Figure 4 (a) 
and held by surface tension. In this state, a low-temperature gas using nitrogen 
was caused to jet onto the AcrB crystal, the solution supporting the crystal, and the 
loop so that these were cooled to a low temperature. A photograph of the crystal 
prior to working is shown in Figure 10 (a), and its model diagram is shown in 
Figure 10 (b). 
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In a state in which a low-temperature gas was continuously caused to jet, 
irradiation was performed with approximately one million shots of laser light 
having a repetition frequency of 3.4 kHz, a pulse width of approximately 1 ns, a spot 
diameter of 20 jam, and an energy density of 50 mJ/cm 2 while moving the spot at 
0.5 mm/sec, and the loop made of nylon (registered trademark) was vertically cut in 
half together with the frozen AcrB crystal and solution. A photograph following this 
cutting is shown in Figure 10 (c). It is seen that the AcrB crystal was cleanly cut. 
There were no variations in the values of the effective diffraction resolution and 
lattice constant in the AcrB crystal prior to the laser working and following the 
laser working. 

(Embodiment 3) 

X-ray diffraction patterns were measured before and after the working of a 
protein single crystal (egg white lysozyme crystal) by irradiation with ultraviolet 
short-pulse laser light having a wavelength of 193 nm using an apparatus of the 
type shown in Figure 8, and the data obtained was compared. In the measurements 
of the X-ray diffraction patterns, an ultraX18 (voltage 50 kV, current 100 mA) 
manufactured by Rigaku Denki Co. was used as the X-ray generating device, and a 
RAXIS IV++ was used as the detector. In the respective measurements, the 
distance between the crystal and detector was set at 150 mm, the detection angle 
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was set at 2°, the measurement time was set at 10 minutes/2°, and the range of the 
measurement angles was set at 20°. 

The grown egg white lysozyme crystal was scooped up with a loop as shown 
in Figure 4 (a) and held by surface tension. In this state, a low-temperature gas 
using nitrogen was caused to jet onto the egg white lysozyme crystal, the solution 
supporting the crystal, and the loop so that these were cooled to a low temperature, 
and these were set in the X-ray crystal structure analysis device. A photograph of 
the crystal prior to working is shown in Figure 11 (a), and its model diagram is 
shown in Figure 11 (b). 

After measuring the X-ray diffraction pattern of the unworked crystal, the 
crystal, the frozen solution around the crystal, and the loop were irradiated with a 
total of approximately five million shots of laser light pulses having a repetition 
frequency of 3.4 kHz, a pulse width of approximately 1 ns, a spot diameter of 20 jam, 
and an energy density of 50 mJ/cm 2 while moving the spot position in a circular 
manner and by rotating the rotating stage on which the crystal was set, and the 
crystal was worked into a spherical shape with a diameter of approximately 300 ^m. 
A photograph of the crystal following working is shown in Figure 11 (c). It is seen 
that the egg white lysozyme crystal was worked into a spherical shape without 
causing any damage. Such a worked shape was extremely difficult to achieve in 
mechanical working methods even under ordinary temperature conditions. The X- 
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ray diffraction pattern was measured under the same conditions as those used in 
the measurement of the unworked crystal described above. 

Furthermore, additional working was performed on this spherical crystal by 
irradiation with approximately one million pulses of laser light having a repetition 
frequency of 3.4 kHz, a pulse width of approximately 1 ns, a spot diameter of 20 jam, 
and an energy density of 50 m J/cm 2 , and the shape of the crystal was adjusted to a 
spherical shape with a diameter of approximately 150 |im. A photograph following 
working is shown in Figure 11 (d). For the crystal following this additional working 
as well, the X-ray diffraction pattern was measured under the same conditions. 

The series of laser working and X-ray diffraction pattern measurements 
described above were all performed in a state in which a low-temperature gas using 
nitrogen was continuously caused to jet onto the egg white lysozyme crystal. 

Table 1 shows a summary of the measurement results of the X-ray diffraction 
pattern under the three types of condition in Figures 11 (a), (b) and (c). Since 
I/sigma depends upon the size of the crystal, the values decrease in order of (a), (b) 
and (c). However, for the diffraction resolution, lattice constant, mosaicity, integrity 
of data, and Rmerge, no major variations of values were seen. It was demonstrated 
from these results that there was no serious damage to the crystal as a result of 
laser working. 
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(Embodiment 4) 

A single crystal of 4"dimethylamino-N-methyl"4-stilbazolium tosylate (DAST), 
which is an organic low molecule, was irradiated with ultraviolet short-pulse laser 
light having a wavelength of 193 nm using an apparatus of the type shown in 
Figure 1. As a result, the crystal was cut in two. 

A low-temperature gas was caused to jet onto the grown DAST crystal (3.0 x 
2.8 x 0.5 mm), and this was cooled to a low temperature. In a state in which the 
low-temperature gas was continuously caused to jet, the frozen DAST crystal was 
cut in half by irradiation with approximately six million shots of laser light having a 
repetition frequency of 3.4 kHz, a pulse width of approximately 1 ns, a spot 
diameter of 20 ^im, and an energy density of 200 mJ/cm 2 while moving the spot at 
0.5 mm/sec. In the cut crystal, no serious damage was observed in non-irradiated 
portions. 

(Embodiment 5) 

Using an apparatus of the type shown in Figure 1, ultraviolet short-pulse 
laser light having a wavelength of 193 nm was caused to irradiate a single crystal of 
one type of organic supramolecular complex (since the structure has not yet been 
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elucidated, the name has not been determined). As a result, the crystal was cut in 
two. 

The grown organic supramolecular complex crystal (0.1 x 0.1 x 0.4 mm) was 
scooped up with a loop as shown in Figure 4 (a) and held by surface tension. In this 
state, a low- temperature gas using nitrogen was caused to jet onto the crystal, the 
solution supporting the crystal, and the loop so that these are cooled to a low 
temperature. 

In a state in which the low-temperature gas was continuously caused to jet, 
irradiation was performed with approximately one million shots of laser light 
having a repetition frequency of 3.4 kHz, a pulse width of approximately 1 ns, a spot 
diameter of 20 |am, and an energy density of 50 mJ/cm 2 while moving the spot at 
0.5 mm/sec, and the loop made of nylon (registered trademark) was vertically cut in 
half together with the frozen crystal and solution. In the cut crystal, no serious 
damage was observed in non-irradiated portions. 
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Table 1" Measurement results of X-ray diffraction pattern of chicken egg white 
lysozyme crystal before and after working 





(a) 


(b) 


(c) 


Diffraction resolution (A) 


1.9 


1.9 


1.9 


Lattice constant (A) 


a = 77.39 
c= 37.50 


a = 77.39 
c = 37.50 


a= 77.41 
c = 37.53 


Mosaicity 


0.356 


0.313 


0.271 


Integrity of data (%) 


68.4 


69.4 


70.3 


Rmerge (%) 


4.2 


3.1 


3.3 


I/sigma 


30.1 


27.6 


20.1 
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